Introduction {#sec1}
============

Gliomas are the most frequent primary brain tumors that are graded from I (least advanced--best prognosis) to IV (most advanced--worst prognosis), according to the World Health Organization (WHO). WHO grade IV refers to glioblastoma multiforme (GBM), which is the most common form of glioma, with a median survival time of about 15 months.^[@ref1]^ The poor results of standard treatment, comprising surgery, radiotherapy, and chemotherapy with the alkylating drug, temozolomide (TMZ),^[@ref2]^ point to the need for molecularly targeted therapies.

Interestingly, gliomas have an elevated cellular zinc turnover.^[@ref3]^ Consistent with this evidence, gene profiling studies carried out on glioma samples have found a malignancy-related dysregulation of zinc transporters^[@ref4]^ and a high expression of the zinc-binding proteins, metallothioneins (MTs), in GBM cases with a poor survival.^[@ref5]^ Interestingly, protein and mRNA profiling of MTs in different grade gliomas have suggested that MT expression correlates with the tumor grade and progression.^[@ref6],[@ref7]^

MTs are involved in the regulation of zinc trafficking, protection against reactive oxygen species, and adaptation to stress.^[@ref8]^ Because of their broad range of properties, MTs have been suggested to promote angiogenesis, microenvironment remodeling, and immune escape in carcinogenesis (reviewed in ref ([@ref9])). In humans, 10 genes encode functional MT proteins, including the ubiquitous isoforms MT1A, MT1B, MT1E, MT1F, MT1G, MT1H, MT1X, and MT2A, and the MT3 and MT4 isoforms, which are expressed in tissue-specific patterns.^[@ref8]^ Among these, MT1E has been shown to enhance glioma cell line invasion through the modulation of matrix metalloproteinases.^[@ref10],[@ref11]^ More importantly, MT1A and MT2 gene expression have been found to be increased in glioblastoma specimens, as compared to grade I--III astrocytomas, and proposed as a marker for malignancy of astrocytic gliomas.^[@ref7]^ In addition, the MT content seems to be associated with resistance of different cancer types, including gliomas, to cytotoxic drugs.^[@ref12]−[@ref15]^ Specifically, MT2A has been linked to chemoresistance in breast cancer^[@ref16]^ and osteosarcoma^[@ref17]^ cell lines, whereas MT3 has been associated with resistance to irradiation in both murine and human glioma cell lines.^[@ref18]^

In the adult brain, MT1/MT2A are mainly localized in glia cells and induced by exposure to metals, whereas MT3 is mostly present in neurons with a growth inhibitory activity^[@ref19]^ and is induced poorly by metals.^[@ref20]^ However, MT3 is significantly expressed in astrocytes during brain development and, interestingly enough, in human GBM samples, where it correlates with poor patient survival.^[@ref5],[@ref7]^ Masiulionytė and colleagues have suggested that MT3 gene could be used to prognosticate a patient's survival.^[@ref7]^ In this context, MT3 may potentially activate transcription factors^[@ref21]^ or promote autophagy^[@ref18],[@ref22]^ by acting as a zinc donor and protect against oxidative stress because of its high cysteine content.^[@ref23]^ However, the data on the role of MT3 in carcinogenesis are not unequivocal. MT3 has been proposed to be a tumor suppressor gene, which is downregulated in a variety of human cancer specimens,^[@ref24]−[@ref26]^ to act as a growth inhibitory factor in rat glioma cells^[@ref27]^ and to be involved in the autophagy-associated cell death induced by arsenic trioxide in glioma cells.^[@ref28]^

Here, we show that MT3 mRNA is highly expressed in GBM cells, as compared to grade II astrocytoma cells. Moreover, MT3 appears to sustain the survival of low-grade astrocytoma cells in which it controls labile zinc levels, whereas it contributes to the intrinsic resistance of GBM cells to TMZ through the control of checkpoint kinase-1 (chk-1) activity.

Results {#sec2}
=======

MT3 mRNA Expression and Regulation in Human Glioma Cells {#sec2.1}
--------------------------------------------------------

We used different human glioma cell lines, including grade II 1321N1 astrocytoma cells, and A172 and U87 GBM cells for a preliminary study of the repertoire of MTs and transporters for the zinc uptake (ZIP1 and ZIP4) or efflux (ZNT1). All cell lines were maintained under identical growth conditions to be able to compare gene expression profiles without confounding factors. By real-time polymerase chain reaction (qRT-PCR), we profiled the following gene products: ZIP1, ZIP4, Znt1, MT1A, MT1B, MT1E, MT1F, MT1G, MT1X, MT2A, and MT3, which were found to be expressed in each of the cell lines, although to a different extent ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Virtually all MTs were more than 100-folds expressed in U87 cells, as compared to 1321N1 cells. A172 GBM cells, with few exceptions (*i.e*., MT1E and MT1F), also showed a great expression of MT mRNAs, corroborating the evidence that GBM cell lines reproduce most of the expression gene profiles observed in glioma tumor samples.^[@ref4],[@ref5]^ Specifically, U87 GBM cells also exhibited a significant amount of Zip4 mRNA levels ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), which are known to correlate with the tumor grade and overall survival.^[@ref4]^ Hence, U87 cells appeared as the most appropriate GBM cell line to be used in comparison with grade II 1321N1 cells. Among all expressed MTs, we decided to focus on MT3 because it is the one showing the most significant difference between long and short survival patients.^[@ref5]^

![mRNA expression of zinc transporters (ZIP and ZNT) and zinc-binding proteins (MTs) in human glioma cell lines of different grades. Relative quantification of mRNAs (2^--ΔΔ*C*~T~^ method) was performed by using 18S rRNA as a reference gene. Bars represent the means ± SD from two distinct determinations, each performed in duplicate. \**P* \< 0.05 *vs* the 1321N1 cell line.](ao9b04483_0001){#fig1}

Metals poorly induce MT3 in neurons.^[@ref20]^ To investigate whether zinc modulates the expression levels of MT3 in glioma cells, cultures were exposed to the membrane-permeable high-affinity zinc chelator, *N*,*N*,*N*′,*N*′-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN, 5 μM), in a serum-free medium either in the absence or in the presence of 5 μM ZnCl~2~ for 12 h. Compared to the total addition of zinc, the resulting free Zn^2+^ concentration in the medium was calculated to be in the 5--50 nM range because of the presence of ligands for zinc ions with varying affinities.^[@ref29]^ Hence, the obtained free Zn^2+^ concentration would be consistent with the tonic level of free Zn^2+^ found in the human brain extracellular fluid, which falls between 5 and 50 nM in the 95% of cases.^[@ref30]^ Under our experimental conditions, MT3 mRNA levels largely varied within the experimental groups and across the different experiments and, overall, were not statistically significantly modified by treatments either in 1321N1 or in U87 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). Differently, TPEN consistently reduced MT1E mRNA expression in U87 cells at least, and the reduction was partly prevented by the addition of ZnCl~2~ ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04483/suppl_file/ao9b04483_si_001.pdf)).

![MT3 mRNA levels in 1321N1 (a) and in U87 (b) glioma cells, following exposure to the membrane-permeable zinc chelator, TPEN (5 μM), in a serum-free medium either in the absence or in the presence of 5 μM ZnCl~2~ for 12 h. MT3 mRNA levels were not modified by treatments in neither of the two cell types. Bars represent the means ± SEM of 6--9 determinations.](ao9b04483_0002){#fig2}

MTs are nominally required for cell proliferation to supply essential metals.^[@ref31]^ We investigated whether a proliferative stimulus could modulate the expression levels of MT3 in glioma cells. Cultures were maintained in 0.2% fetal calf serum (FCS) for 24 h, then exposed to 10% FCS for 16 h before analysis. Interestingly, the 10% FCS pulse increased MT3 mRNA levels in 1321N1 cells but not in U87 cells ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). Overall, these data indicated that U87 GBM cells express high levels of MT3 mRNA, which do not vary by altering zinc homeostasis or proliferative inputs.

![MT3 mRNA levels in 1321N1 (a) and in U87 glioma cells (b) starved in 0.2% FCS for 24 h and then exposed to 10% FCS for the following 16 h. MT3 mRNA levels were found to be highly increased in 1321N1 cells (a) but not in U87 cells (b). Bars represent the means ± SEM of 3--4 determinations. \**P* \< 0.05 *vs* 0.2% FCS.](ao9b04483_0003){#fig3}

Effects of MT3 Silencing on Human Glioma Cell Survival and Susceptibility to the Alkylating Drug, TMZ {#sec2.2}
-----------------------------------------------------------------------------------------------------

To address the potential function of MT3 in glioma cells, we silenced MT3 mRNA expression both in 1321N1 and U87 cultures. The efficiency of MT3 mRNA knockdown was evaluated by qRT-PCR after 72 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b). MT3 silencing increased significantly the intracellular levels of labile Zn^2+^ (*i.e*., the pool sensitive to chelation) in 1321N1 cells, as measured by flow cytometry using the cell-permeable zinc-selective dye, FluoZin-3-AM ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), but not in U87 cells ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). Moreover, MT3 silencing per se increased the basal apoptotic rate of 1321N1 cells ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e) but not of U87 cells ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f). We investigated the susceptibility of 1321N1 cells to different concentrations of TMZ, ranging from 10 to 200 μM. Significant toxicity developed within 96 h at the concentration of 100 μM \[*i.e*., a concentration from 2.9 to 6.7 times higher than predicted TMZ peak concentrations in human glioma, but within the range of tissue distribution calculated in 24 h (*i.e*., from 18.91 to 40.37 mg/L h^[@ref32]^)\]. Higher concentrations resulted in cell detachment, which precluded the experiments. The 100 μM TMZ concentration was therefore selected to carry out parallel experiments in 1321N1 and U87 cells. Different from 1321N1 cells, U87 cells resisted to the toxic effect of the alkylating agent, TMZ (100 μM for 96 h) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e,f); however, MT3 silencing increased U87 susceptibility to TMZ-induced toxicity ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f).

![MT3 mRNA levels in 1321N1 (a) and U87 glioma cells (b), which were silenced for 72 h before qRT-PCR analysis. Relative quantification of mRNAs (2^--ΔΔ*C*~T~^ method) was performed by using 18S rRNA as a reference gene. Bars represent the means ± SEM of 3--8 determinations. \**P* \< 0.05 *vs* the silencer negative control. Mean fluorescence intensity of the zinc dye, FluoZin-3, in 1321N1 (c) and in U87 glioma cells (d) that were silenced for 72 h. Bars represent the means ± SEM of 6--8 determinations. \**P* \< 0.05 *vs* vehicle. Percentage of apoptosis in MT3-silenced 1321N1 (e) and U87 glioma cells (f) either in the absence or in the presence of TMZ (100 μM) for 96 h. Bars represent the means ± SEM of 4 determinations. *P* \< 0.05 *vs* \*CTRL or ^\#^TMZ alone.](ao9b04483_0004){#fig4}

Effects of MT3 Silencing on TMZ-Induced Cell Cycle Perturbation {#sec2.3}
---------------------------------------------------------------

TMZ is known to induce cell cycle arrest.^[@ref33]^ By means of flow cytometry ([Figure S3A,B](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04483/suppl_file/ao9b04483_si_001.pdf)), we found that TMZ (100 μM for 96 h) produced a significant accumulation of 1321N1 cells into the S and G2 fractions of the cell cycle (a cycle delay index of cells that eventually die), and it had an even greater effect in U87 cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b), likely as a result of the intrinsic resistance of these cells to death. MT3 silencing *per se* did not modify cell cycle distribution profiles in 1321N1 or U87 cultures ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b) but affected TMZ-induced cell cycle alterations. MT3 silencing slightly potentiated the overall effect of TMZ in 1321N1 cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), whereas it specifically delayed the G1/S transition of TMZ-treated U87 cells (see the increase in the proportion of G1 cells in the TMZ + MT3 siRNA *vs* TMZ alone) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b).

![Cell cycle analysis of 1321N1 (a) and U87 (b) glioma cells, which were exposed to TMZ (100 μM), MT3 siRNA (5 nM), or to a combination of both for 96 h. TMZ induced a significant accumulation of cells in the S and G2 fractions of the cell cycle, both in 1321N1 and U87 cultures, whereas MT3 silencing *per se* was devoid of effects (a,b). MT3 silencing potentiated the overall effect of TMZ on 1321N1 cells (a), whereas it specifically delayed the G1/S transition of TMZ-treated U87 cells (b). Bars represent the means ± SEM of 4 determinations. *P* \< 0.05 *vs* \*CTRL or ^\#^TMZ alone.](ao9b04483_0005){#fig5}

Next, we investigated whether the chk-1, which may control S phase entrance,^[@ref34]^ could be responsible for the observed G1/S delay in silenced/TMZ-treated U87 cells. Western blot analysis of chk-1 in U87 glioma cells showed that TMZ and MT3 silencing synergized in increasing chk-1 protein levels ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b). The increment of chk-1 did not associate to modified levels of the microtubule-associated membrane protein-II (LC-II), a marker of autophagosome formation^[@ref35]^ ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04483/suppl_file/ao9b04483_si_001.pdf)). Surprisingly, the increment of chk-1 was not paralleled by an increase in phosphorylated chk-1 at serine 317, a marker of DNA damage response that was barely visible and unaffected by treatments ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04483/suppl_file/ao9b04483_si_001.pdf)). We investigated the possibility that MT3 silencing could potentiate the DNA damage induced by TMZ, despite the lack of a canonical marker of DNA damage response (*i.e*., the phosphorylated chk-1 at serine 317). In agreement with the alkylating properties of TMZ, a significant percentage of U87 glioma cell nuclei were stained for O^6^-methyl-2-deoxyguanosine after 96 h of drug exposure; however, MT3 silencing did not enhance TMZ effect ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04483/suppl_file/ao9b04483_si_001.pdf)). Interestingly, chk-1 blockade by the inhibitor, isogranulatimide (1 μM), prevented G1/S phase delay and apoptosis of silenced/TMZ-treated cells ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d), suggesting that increased levels of chk-1 could induce persistent G1 arrest and death in a fraction of silenced/TMZ-treated U87 cells.

![Western blot analysis of chk-1 in U87 glioma cells (a). TMZ (100 μM for 96 h) increased the expression of chk-1 in MT3-silenced cells. The densitometric analysis of bands from a representative western blot is presented in (b). Signals were normalized against β-actin, as a control for loading. Blot was repeated three times with similar results. Chk-1 blockade by isogranulatimide (1 μM) prevented the delayed G1/S transition (c) and apoptosis (d) observed in silenced/TMZ-treated cells. In (c,d), bars represent the means ± SEM of 4 determinations. Data are shown as percentage of the values of TMZ (c) or TMZ + MT3siRNA (d), each normalized to 100%. *P* \< 0.05 *vs* \*TMZ alone or ^\#^TMZ + MT3 siRNA.](ao9b04483_0006){#fig6}

Discussion and Conclusions {#sec3}
==========================

MT gene expression has been associated with glioma malignancy grade,^[@ref7]^ and MT3 associates with a poor patient survival.^[@ref5],[@ref7]^ We have found that the GBM U87 cell line expresses high levels of MT3 mRNA, as compared to grade II 1321N1 astrocytoma cells. These differences are unlikely to depend on a different modulation of MT3 expression by intracellular labile zinc^[@ref36]^ because MT3 mRNA levels were not affected by zinc depletion and restoration.

Following 24 h serum starvation, MT3 mRNA was highly induced by proliferative stimuli in grade II astrocytoma 1321N1 cells but not in GBM U87 cells. This divergence could depend on the different MT3 mRNA content in the two cell lines, which is very high in GBM cells and may not increase further. Alternatively, such a divergence might suggest that MT3 mRNA levels reflect a different basal proliferation rate of the two cell lines. Accordingly, it has been proposed that MT expression depends on the proliferative index of tumors.^[@ref31]^

MTs operate by binding zinc when it is in excess and by releasing it upon demand. The metal-binding proteins of purified MT3 are similar to those of other MTs;^[@ref37]^ however, *in vivo*, MT3 has the unique property to compete for zinc with other zinc-requiring proteins and not a mere homeostatic function.^[@ref38]^ Therefore, the high association rate for zinc of MT3 could explain why MT3 silencing alone was sufficient to rise significantly the levels of labile zinc at least in grade II 1321N1 astrocytoma cells. Labile zinc in glia cells can be highly cytotoxic by a variety of mechanisms, including intracellular acidity,^[@ref39]^ caspase-3-dependent apoptosis,^[@ref40]^ and lysosomal membrane permeabilization.^[@ref22]^ In our hands, MT3 silencing, with the ensuing rise in labile zinc, increased the basal apoptotic rate of grade II 1321N1 astrocytoma cells.

A four-day treatment with the DNA alkylating drug, TMZ, prompted grade II 1321N1 astrocytoma cells to undergo apoptosis following a lasting cell cycle arrest (specifically into the S phase and at the G2/M boundary). These data are in agreement with the demonstration that TMZ induces the senescence and the mitotic catastrophe of glioma cells.^[@ref33]^ Interestingly, MT3 silencing amplified TMZ-induced cell cycle arrest of grade II 1321N1 astrocytoma cells (*i.e*., putative senescence) without enhancing the drug-induced apoptosis (*i.e*., putative mitotic catastrophe). The evidence that the pro-apoptotic effects of MT3 silencing and TMZ treatment were not additive, although cell cycle arrest was potentiated, suggests that MT3 could normally sustain the survival of 1321N1 astrocytoma cells by counteracting the cellular senescence program that TMZ is able to activate.^[@ref33]^ At present, it is unknown whether the regulation of intracellular labile zinc by MT3 is required for the maintenance of 1321N1 cell survival.

As different from grade II 1321N1 astrocytoma cells, GBM U87 cells were partly resistant to TMZ, which induced an even more pronounced cell cycle arrest than in 1321N1 cells in the absence of significant apoptosis. MT3 silencing did not increase intracellular labile zinc in GBM U87 cells, did not enhance their basal apoptotic rate, but it increased the susceptibility of these cells to the pro-apoptotic effects of TMZ. Given the anti-oxidant effects of MTs,^[@ref23]^ we cannot exclude the possibility that MT3 silencing resulted into an altered oxidative stress level such as to increase U87 cell susceptibility to TMZ. However, TMZ alone induced the predictable S and G2/M phase arrest of GBM U87 cells, and MT3 silencing in TMZ-treated cells induced an unexpected and additional delay of G1/S transition. We reasoned that the effects of MT3 silencing and TMZ could converge on the activation of a checkpoint controlling the cell entrance into the S phase, namely the chk-1.^[@ref34]^

Generally, chk-1 is activated by phosphorylation of specific serine residues (including ser-137, which is required for ser-345 phosphorylation^[@ref41]^) in response to genotoxic or replicative stressors and, in turn, it phosphorylates a number of downstream effectors to trigger cell cycle arrest, DNA repair, or cell death.^[@ref42]^ However, we found that the combination of MT3 silencing and TMZ treatment raised the total levels of chk-1 rather than increasing its phosphorylation. Nevertheless, the raised chk-1 was instrumental for death because its inhibition by isogranulatimide protected GBM U87 cells against the combined effects of MT3 silencing and TMZ treatment. Our data are in line with the recent suggestion that a constitutive activity of chk-1, in the absence of a frank genotoxicity, may be sufficient to induce permanent cell cycle arrest and death.^[@ref43]^ A number of mechanisms can regulate chk-1 expression, including E2F-mediated transcription,^[@ref44]^ proteasome-dependent degradation,^[@ref45]^ and both macro- and chaperon-mediated autophagy.^[@ref46]^ Because the proteasome-dependent pathway intervenes mainly in the degradation of phosphorylated chk-1,^[@ref47]^ we decided to investigate the relationship between the observed increment of chk-1 and a possible alteration of autophagy. Although we did not carry out a detailed analysis of autophagic flux, and LC-II levels may indicate either the upregulation of autophagosome formation or blockage of autophagic degradation,^[@ref35]^ the evidence that LC-II levels did not vary across the treatment suggests that MT3 silencing, alone or in combination with TMZ, did not influence autophagy in GBM U87 cells. MT3 has been shown to play a role in the maintenance of autophagy flux both in cultured astrocytes^[@ref22]^ and in irradiated mouse and human-derived glioma cells.^[@ref18]^ Hence, MT3 could contribute to the survival of glioma cells through different routes and according to the cell type and/or the challenging insult. In the case of 1321N1 astrocytoma, MT3 silencing per se resulted into an increase in labile zinc and an increase in the basal apoptotic rate of the cells. Instead, in the case of U87 GBM, MT3 silencing did not appear to affect cell viability unless TMZ was added.

While the molecular mechanisms controlling chk-1 expression in MT3-silenced/TMZ-treated U87 cells remain uncertain, the general suggestion is that MT3 contributes to the intrinsic resistance of GBM cells to the alkylating drug, TMZ. TMZ is the first-line treatment for GBM patients, and TMZ resistance remains one of the main reason why treatment of GBM fails.^[@ref48]^ This chemoresistance is largely attributed to the overexpression of DNA repair gene, O^6^-methylguanine DNA-methyltransferase (MGMT).^[@ref49]^ However, MGMT-deficient GBM cells, including U87 GBM cells,^[@ref50],[@ref51]^ remain partly resistant to TMZ, and the underlying molecular mechanisms are not all known. Although we observed that U87 GMB cells accumulated O^6^-methylguanine over the course of exposure to TMZ, MT3 silencing did not enhance O^6^-methylguanine load as one could expect from the property of MTs to scavenge methyl carbonium ion intermediates of TMZ.^[@ref52]^ This evidence adds to the literature data that support distinct biological functions for MT3 with respect to other MTs.^[@ref53],[@ref54]^ In GBM U87 cells, MT3 silencing did not appear to produce a significant increase in intracellular labile zinc, nor to enhance DNA alkylation; nevertheless, it improved GBM sensitivity to TMZ.

Overall, we found that the silencing of MT3 induced a long lasting G1 arrest, with ensuing apoptosis, of U87 GBM cells that were treated with TMZ, and the underlying molecular mechanism involved content and activity of the chk-1 protein.

Methods {#sec4}
=======

Cell Lines and Treatments {#sec4.1}
-------------------------

All cell lines were obtained from the European Collection of Authenticated Cell Cultures and grown in Gibco Minimum Essential Medium, supplemented with 100 units penicillin and 100 μg/mL streptomycin (Sigma-Aldrich), 10% heat-inactivated FBS (Gibco), and 4 mM glutamine (Sigma-Aldrich), into T75 Falcon flasks until confluency. The passage number for all cell lines was kept below 30. For the experiments, cells were splitted into 24 well plates (Nunclon Delta) and allowed to grow until reaching at least 70% confluency. The medium was renewed two times/week. When required, glioma cells were exposed to the membrane-permeable zinc chelator, TPEN (5 μM), in a serum-free medium either in the absence or in the presence of 5 μM ZnCl~2~ for 12 h.

RT-PCR Analysis {#sec4.2}
---------------

Total RNAs were extracted by TRIzol Reagent, according to the manufacturer's protocol (Ambion). RNA yield and purity were evaluated by measuring RNA absorbance at 260 and 280 nm, respectively. Typically, we obtained 8--10 μg of RNA from 0.8 × 10^6^ cells, with an A260/A280 ratio of 1.8--2.0. The Qiagen's Quantitect reverse transcription kit was used to generate the cDNA for RT-PCR analysis. RT-PCR was carried out by using the QuantiNova SYBR Green PCR kit on Rotor Gene Q. All primers were used at a concentration of 0.5 μM. RPS18 was selected as housekeeping gene (Qiagen QT00248682) because the cycle threshold (*C*~t~), which is inversely correlated with the amount of the template present in the reaction, did not differ (*n* = 3) between 1321N1 (*C*~t~ = 20.5 ± 0.08) and U87 cells (*C*~t~ = 19.8 ± 0.26). Alternative reference genes, including RPLPO (QT00075012) and GAPDH (Life Technologies), were preliminary tested and excluded. In fact, a direct comparison of the respective *C*~t~ values in the two cell lines indicated a higher level of RNA transcription in the U87 than in the 1321N1 cells. *C*~t~ values (*n* = 3) were as follows: U87: RPLPO = 23.2 ± 0.45, GAPDH = 22.1 ± 0.24; 1321N1: RPLPO = 33.1 ± 2.85, GAPDH = 24.6 ± 0.18. Cycling conditions were the following: 1 cycle at 95 °C for 2 min, followed by 45 cycles at 95 °C for 5 s, and 60 °C for 20 s. The sequences of all primers (Life Technologies) are available in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04483/suppl_file/ao9b04483_si_001.pdf). Levels of mRNA expression were calculated based on the method of 2^--ΔΔ*C*~T~^.^[@ref55]^

MT3 Silencing {#sec4.3}
-------------

Silencing was carried out on cell cultures at 70% confluency in the normal growing medium. Predesigned MT3 siRNA (Qiagen SI03193995, 5 nM) or the silencer negative control (Ambion 4611) was transfected by the HiPerfect Transfection Reagent medium (Qiagen), and silencing was verified by RT-PCR analysis of mRNAs after 72--96 h. The medium was not replaced throughout the course of silencing, also taking into consideration that, usually, medium renewal was necessary two times/week. Unless otherwise stated in the figure legends, the HiPerFect Transfection Reagent (vehicle) was used as a control for MT3 siRNA because it did not differ from the silencer negative control. Representative histograms for apoptosis and cell cycle distribution profiles of 1321N cells are provided to show the different effects of MT3 siRNA with respect to both vehicle and silencer negative control ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04483/suppl_file/ao9b04483_si_001.pdf)).

Cytofluorimetric Analysis {#sec4.4}
-------------------------

Cell pellets were fixed in 70% ethanol and treated for 1 h at 37 °C with RNase (100 μg/mL) before propidium iodide staining (50 μg/mL for 30 min).^[@ref56]^ DNA content and ploidy were assessed with a Cytomics FC550 Flow Cytomer. Cell cycle profiles were evaluated by ModFit software. After discriminating the cell debries for the accurate quantification of apoptosis,^[@ref57]^ apoptotic cells were scored in the area of hypodiploid DNA preceding the G1 peak (see legend of [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04483/suppl_file/ao9b04483_si_001.pdf)).

Intracellular labile Zn^2+^ was assessed in fresh dispersed cells that were suspended in phosphate buffer saline containing 0.2% bovine serum albumin, 1 mM EDTA, and 1 μM cell permeant FluoZin-3, AM (ThermoFisher). Following 30 min incubation in the dark, samples were washed and analyzed by flow cytometry (modified from ref ([@ref58])). Data were expressed as the mean of fluorescence intensity of gated positive cells.

Nuclear staining for O^6^-methyl-2-deoxyguanosine was assessed, according to the protocol described in ref ([@ref59]), with minor modifications. Cell nuclei were isolated with the Nuclei EZ Lysis Buffer (Sigma, NUC-101), according to the procedure for attached cell lines. The isolated nuclei were fixed with 50% methanol for 10 min at room temperature. The DNA of fixed nuclei was denatured with 2 N HCl for 15 min at 37 °C, then neutralized with 0.1 M sodium tetraborate, pH 8.5. Nuclei were stained with the monoclonal antibody to O^6^-methyl-2-deoxyguanosine (0.2 μg/mL, Squarix Biotechnology) for 2 h at room temperature, followed by the Alexa Fluor 488 goat anti-mouse Ig (1:300, Invitrogen) for 45 min. Nuclei were counterstained with 3 μM propidium iodide for 30 min before analysis. O^6^-methyl-2-deoxyguanosine fluorescence was calculated on propidium-stained diploid nuclei after subtracting the nonspecific fluorescence of the secondary antibody.

Western Blot Analysis {#sec4.5}
---------------------

Western blot analysis was performed on total protein extracts (100 μg/lane) using the following primary antibodies: a mouse anti-Chk1 (Abcam 1:500), a rabbit anti-Chk1 (phospho Ser317) (Abcam 1:100), a rabbit anti-LC3B antibody (Sigma-Aldrich 1:1000), and a mouse anti-β-actin (Sigma, 1:100). We used IRDye secondary antibodies (LI-COR, 1:30,000) for band imaging with the Odyssey Imager.

Statistical Analysis {#sec4.6}
--------------------

Quantitative data were expressed as the mean ± standard error (SEM) unless otherwise stated in the figure legends. P values were calculated with Student's *t*-test or, for experiments with more than two groups, with analysis of variance, followed by Fisher's least significant difference (LSD) test. *P* \< 0.05 was considered to be statistically significant. Analysis was carried out using SigmaPlot 12.5.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b04483](https://pubs.acs.org/doi/10.1021/acsomega.9b04483?goto=supporting-info).Western blot analysis of LC3 in U87 cells, western blot image of phosphorylated chk-1, and flow cytometric analysis of immunostained nuclei for O6-methyl-2-deoxyguanosine ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04483/suppl_file/ao9b04483_si_001.pdf))
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